Background {#Sec1}
==========

Obesity is a worldwide health problem with increasing prevalencecharacterized by increase in adipocytes \[[@CR1]\]. Obese patients are prone to developing insulin resistance and type-2 diabetes (T2DM). The increasing number and size of mature adipocytes results in obesity \[[@CR2]\]. Adipose tissue is classified as white adipose tissue (WAT) and brown adipose tissue (BAT). The increased adipocyte plays a major role in the related complications in obese patients as WAT is primary site of triglyceride storage \[[@CR3]\]. Fat accumulates in different ectopic sites, including visceral adipose tissue, which is responsible for the obesity related metabolic consequence \[[@CR4]\]. However, excess fat stored in the subcutaneous has a protective effect against these complications \[[@CR5]\].

The bone morphogenetic proteins (BMPs) have been shown to recruit adipose precursor cells into the adipose lineage \[[@CR6]\]. Bone morphogenetic protein 4(BMP-4) is a growth factor of the transforming growth factor-β superfamily that is related to white adipogenesis \[[@CR7], [@CR8]\]. Recent data has certified that BMP-4 plays a role in obesity as BMP-4 is an integral feedback regulator of both white and beige adipogenic commitment and differentiation \[[@CR9]\]. BMP-4 signaling is involved in the common pathophysiology of obesity and abnormal glucose metabolism \[[@CR10]\]. Son et al. \[[@CR11]\] found that serum BMP-4 levels in non-diabetic patients with obesity and metabolic syndrome were significantly increased. Glucagon-like peptide-1 (GLP-1) receptor agonist has been shown to be effective in decreasing body weight and improving fat distribution. The mechanism of its action is activation of GLP-1R in the hypothalamus dephosphorylates adenosine monophosphate-activated protein kinase(AMPK) and stimulates BAT thermogenesis and energy expenditure \[[@CR12]\].

However, the association of BMP-4 levels with metabolic parameters and fat distribution, and the interaction of GLP-1 and BMP-4 has not been completely expounded. Therefore, in this study, we aimed to investigate the association of serum BMP-4 levels with fat distribution and the effect of GLP-1 receptor agonist(Exenatide) treatment on it in obese patients.

Methods {#Sec2}
=======

Patients and exenatide intervention trial {#Sec3}
-----------------------------------------

Sixty-nine obese Chinese patients from the outpatient of the Endocrinology and Metabolism department at the Shanghai Tenth People's Hospital, who all provided informed consent, were included in this study (aged from 18 to 68 years old). Obesity was defined by the criteria that the body mass index (BMI) was over 28 kg/m^2^. The exclusion criteria were as follows: 1) clinical or laboratory evidence of impaired cardiac, liver and renal function. 2) severe systemic diseases (e.g., cancer and heart failure), and 3) taking medications known to affect body weight. 4) a history of severe gastrointestinal diseases. Among them, a total of 30 obese patients were recruited for Exenatide treatment. They received 5 mg exenatide twice a day for the first 4 weeks, which was then increased to 10 mg twice a day for the remaining 14 weeks. Before and after the 18-week treatment, their metabolic parameters were tested. This study was approved by the ethics committee of Shanghai Tenth People's Hospital. The Clinical Trials registration Number is NCT02118376.

Anthropometry {#Sec4}
-------------

Weight was measured with light clothes and without shoes in all subjects. BMI was calculated as weight (kg)/(height^2^) (m^2^). Neck circumference (NC) was measured horizontally at the upper margin of laryngeal prominence with head erect and eyes facing forward. Waist circumference (WC) was measured at the point midway between the lower rib margin and the superior iliac crest along the mid-axillary line using a measuring tape. Hip circumference (HC) was measured at the maximum point around the buttocks. The waist to hip ratio (WHR) was calculated as the WC divided by HC. After the subjects rested for 10 min, blood pressure (BP) (systolic pressure (SP) and diastolic pressure (DP)) was measured while they were seated. BP was measured twice and the average value was used for analysis.

Biochemistry and fat content {#Sec5}
----------------------------

Blood samples were collected after all subjects were fasted for 12 h. These biochemical parameters included alanine transaminase (ALT), aspartate aminotransferase(AST), fasting plasma glucose (FPG), fasting insulin (FINS), C-peptide, glycated hemoglobin A1C (HbA1C), total cholesterol (TC), triglyceride (TG), high density lipoprotein cholesterol (HDL-C), low density lipoprotein cholesterol (LDL-C), C reactive protein (CRP), free fatty acids (FFA), uric acid (UA), free triiodothyronine(FT3), free thyroxine (FT4) and thyroid stimulating hormone(TSH). Insulin resistance was assessed using Homoeostasis Model of Insulin Resistance(HOMA-IR) calculated by fasting plasma glucose (mmol/L) × fasting plasma insulin (uU/mL)/22.5 \[[@CR13]\]. Body fat mass of different body parts were measured with high accuracy by dual-energy X-ray absorptiometry (DEXA) (Hologic QDR4500, USA). We selected the data from DEXA including %fat trunk/%fat legs, total fat mass, trunkfat%, estimated visceral adipose tissue Area (Est. VAT Area), total fat%, trunk fat mass, trunk/limb fat mass ratio.

BMP-4 measurement {#Sec6}
-----------------

Blood samples were collected after all subjects were fasted for 12 h. Serum BMP-4 levels were measured using a Quantikine human BMP-4 ELISA Kit (abcam, Catalog Number ab99982, Cambridge, MA, USA). The detection limits of assay were between 24.69 pg/ml and 6000 pg/ml.

Definition of metabolic syndrome, hyperuricemia and subclinical hypothyroidism.

The metabolic syndrome (MetS) was defined by three out of the following five components: WC ≥ 94 cm in males and ≥80 cm in females, hypertriglyceridemia (≥1.7 mmol/l), low HDL-C (\< 1.0 mmol/l in males or \<1.3 mmol/l in females), increased BP (SP ≥ 130 mmHg and/or DP ≥ 85 mmHg and/) or positive history of hypertension or on any hypertensive treatment, FPG ≥ 5.6 mmol/l or on any hypoglycemic drugs \[[@CR14]\]. Hyperuricemia was defined as serum UA ≥ 7 mg/dl (≥417 umol/L) in males, and ≥ 6 mg/dl (≥357 umol/L) in females \[[@CR15]\]. Mild increased TSH was defined in this study as a TSH level ranged from 2.5 to 5.5 mU/l and a normal free-thyroxine level \[[@CR16], [@CR17]\].

Statistical analysis {#Sec7}
====================

All data were performed using SPSS 17.0 software. All continuous values were presented as means ± standard deviation($\documentclass[12pt]{minimal}
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                \begin{document}$$ \overline{X} $$\end{document}$±s) and the count data were expressed as the number of columns (n). Quantitative data were analyzed using a t-test between two groups. The correlation between BMP-4 and other variables were assessed using Pearson's correlation analysis. Multivariate regression analysis was performed to determine independent contributing factors for BMP-4 levels. Non-normally distributed variables were logarithmically transformed before analysis. Statistical differences were two tailed with *P* value less than 0.05.

Results {#Sec8}
=======

Demographic and biochemical parameters {#Sec9}
--------------------------------------

Table [1](#Tab1){ref-type="table"} shows clinical characteristics and biochemical data for the 69 obese subjects with BMI being 33.64 ± 5.17 kg/m^2^. Serum BPM-4 levels were 763.98 ± 324.11 pg/ml in all obese patients, and 727.83 ± 316.48 pg/ml in males and 813.85 ± 333.41 pg/ml in females respectively without significant difference. The NC, WHR, UA, FT3, FT4, %fat trunk/%fat legs were significantly higher in males than females (all *P* \< 0.05). However, the HOMA-IR, HDL-C, FFA, TSH, trunk fat%, Est. VAT Area, total fat% and trunk fat mass were significantly higher in females than males (all *P* \< 0.05). There were no statistical differences of other parameters between males and females.Table 1Clinical and biochemical characteristics of the obese patientsParametersAll patients (*N* = 69)Males (*N* = 39)Females (*N* = 30)Years old43.71 ± 12.7244.05 ± 13.1943.25 ± 12.47BMP-4(pg/mL)763.98 ± 324.11727.83 ± 316.48813.85 ± 333.41BMI(kg/m^2^)33.64 ± 5.1732.69 ± 5.1234.91 ± 5.04Weight(kg)96.16 ± 15.8098.36 ± 15.1193.20 ± 16.49NC(cm)40.56 ± 3.6141.97 ± 2.72\*38.64 ± 3.83WC(cm)107.21 ± 9.64107.08 ± 9.17107.40 ± 10.51HC(cm)110.46 ± 10.76108.80 ± 9.09112.80 ± 12.55WHR0.97 ± 0.050.98 ± 0.05\*0.95 ± 0.05SBP(mmHg)136.86 ± 15.10139.11 ± 13.58133.78 ± 16.85DBP(mmHg)85.22 ± 10.1686.19 ± 10.0183.89 ± 10.50ALT(U/L)34.37 ± 14.1334.24 ± 12.4334.53 ± 16.18AST(U/L)25.64 ± 9.8924.79 ± 9.3326.60 ± 10.56FPG(mmol/L)8.60 ± 3.788.06 ± 3.869.24 ± 3.63FINS(uU/mL)25.63 ± 13.1923.10 ± 11.4329.28 ± 14.87C-peptide(ng/mL)3.71 ± 1.193.66 ± 1.403.78 ± 0.84HOMA-IR10.09 ± 9.797.65 ± 5.06\*13.26 ± 13.16HbA1C %7.27 ± 1.567.23 ± 1.707.32 ± 1.40TC(mmol/L)5.66 ± 1.135.68 ± 1.145.62 ± 1.14TG(mmol/L)3.05 ± 2.683.42 ± 3.082.57 ± 2.02HDL-C(mmol/L)1.17 ± 0.271.06 ± 0.18\*\*1.31 ± 0.30LDL-C(mmol/L)3.30 ± 0.903.34 ± 0.763.24 ± 1.06CRP(mg/L)3.47 ± 4.112.72 ± 3.204.58 ± 5.03FFA(mmol/L)0.57 ± 0.180.53 ± 0.17\*0.64 ± 0.17UA(umol/L)403.14 ± 100.54446.94 ± 95.43\*\*348.75 ± 78.68FT3(pmol/L)4.87 ± 0.515.10 ± 0.49\*\*4.56 ± 0.36FT4(pmol/L)16.00 ± 2.1316.64 ± 2.18\*15.13 ± 1.75TSH(mU/L)2.03 ± 0.851.80 ± 0.74\*2.35 ± 0.90%fat trunk/%fat Legs1.29 ± 0.161.35 ± 0.12\*1.19 ± 0.16Total fatmass(kg)95.60 ± 15.2798.07 ± 14.5392.03 ± 16.02Trunkfat%41.49 ± 5.6138.41 ± 4.62\*\*44.95 ± 3.54Est. VAT Area(cm^2^)226.07 ± 50.38210.71 ± 44.20\*247.76 ± 51.80Total fat%38.11 ± 6.3134.41 ± 4.62\*\*43.45 ± 4.25Trunk fatmass(g)20.30 ± 4.8419.04 ± 4.68\*22.06 ± 4.64Trunk/limb fat mass ratio1.45 ± 0.251.50 ± 0.241.36 ± 0.24Student's *t*-test was used. Compared to females, \**P* \< 0.05, \*\**P* \< 0.001

Correlation of BMP-4 with anthropological and metabolic variables {#Sec10}
-----------------------------------------------------------------

The BMP-4 levels were 763.98 ± 324.11 pg/ml in all obese patients, and 727.83 ± 316.48 pg/ml in males and 813.85 ± 333.41 pg/ml in females respectively. In all subjects, BMP-4 levels were significantly positively associated with Est. VAT Area as presented in Table [2](#Tab2){ref-type="table"}(all *P* \< 0.05). Correlation of BMP-4 with fat distribution showed that BMP-4 levels were also significantly positively associated with Est. VAT Area and total fat% in females as shown in Table [2](#Tab2){ref-type="table"}(all *P* \< 0.05). Additionally, BMP-4 was also significantly negatively correlated with TC in all subjects and males (all *P* \< 0.05). BMP-4 was also significantly positively associated with FT3 in males (*P* \< 0.05). In Table [3](#Tab3){ref-type="table"}, the multiple linear regression analysis results showed that Est. VAT Area was independently related to BMP-4 when other potential confounding variables were included in the female group. However, in all subjects and males, TC was the influencing factor of serum BMP-4 concentration.Table 2Correlations of serum BMP-4 levels with anthropometric variables, glucose-lipid metabolism and fat contentParametersMaleFemaleTotalr*P*r*P*r*P*BMI0.0320.8480.3750.0450.2010.100Weight0.1180.4760.3650.0520.2010.100NC0.0680.702−0.1450.490−0.0960.468WC0.1360.4360.2330.2630.1810.166lnHC−0.0010.9950.4290.0290.2250.083lnWHR0.2060.236−0.4160.035−0.0970.462SBP-0.1730.3970.2440.314−0.0060.970DBP-0.1260.5410.2510.3010.0200.894ALT0.0690.694−0.0720.712−0.0030.982AST0.2030.2560.0800.6780.1520.237FPG-0.0950.5880.3760.1470.0890.486FINS-0.1320.422−0.0260.8960.1520.217C-peptide−0.0320.847−0.2900.127−0.1030.404lnHOMA-IR-0.1960.2580.2140.284−0.0770.550HbA1C−0.1130.5100.1610.4040.0010.994TC-0.4050.013−0.3320.079−0.3730.002lnTG−0.2440.146−0.1930.308−0.2310.062HDL-C-0.1660.326−0.0250.897−0.0220.858LDL-C-0.2310.168−0.1580.412−0.1950.116lnCRP−0.1310.4310.0190.924−0.0980.441FFA-0.0800.6380.1860.3350.0690.582UA0.0320.8510.2090.2760.0390.759FT30.4410.005−0.1510.4340.1240.314FT40.0450.786−0.1500.436−0.0720.558TSH0.1000.5470.2140.2660.1860.129%fat trunk/%fat legs0.0020.993−0.3580.144−0.2210.149Total fatmass−.0340.8700.4450.0640.1610.298Trunkfat%−0.3040.1310.4440.0650.0550.725Est.VAT Area0.1280.5520.6250.0070.3770.015Total Fat%−0.2360.2470.4930.0380.1390.370Trunk fatmass−0.1000.6350.3950.1050.1700.275Trunk/limb fat mass ratio0.0530.795−0.3700.131−0.1640.287 Table 3Multivariate analysis for risk factors of BMP-4Constant*β*Sd.E*t*SigMaleFT322.70575.3480.3010.764TC-105.04334.877−3.0120.004FemaleEst.VAT Area6.8873.0292.2730.044Total fat%−14.77335.644−0.4140.686lnHC−957.6201422.012−0.6730.515lnWHR−2301.0841481.105−1.5540.149

Difference of BMP-4 levels between obesity related diseases {#Sec11}
-----------------------------------------------------------

In these obese subjects, the prevalence of Mets, hyperuricemia and slightly increased TSH accounted for 62.31%, 52.17% and 26.08% respectively. BMP-4 levels were significantly higher in obesity with slight increase in TSH than obesity without slight increase in TSH (902.08 ± 354.74 pg/ml vs. 720.24 ± 306.41 pg/ml, *P* \< 0.05) as presented in Fig. [1](#Fig1){ref-type="fig"}. Meanwhile, BMP-4 levels were slight higher in those with both Mets and hyperuricemia when compared to those without the corresponding complications (773.39 ± 325.79 pg/ml vs. 767.36 ± 347.20 pg/ml; 831.26 ± 340.72 pg/ml vs. 712.23 ± 309.99 pg/ml, all *P* \> 0.05) as shown in Figs. [2](#Fig2){ref-type="fig"} and [3](#Fig3){ref-type="fig"}.Fig. 1BMP-4 levels in obesity with mild increased TSH and without mild increased TSH Fig. 2BMP-4 levels in obesity with Mets and without Mets Fig. 3BMP-4 levels in obesity with hyperuricemia and without hyperuricemia

Change in BMP-4 and other parameters of Exenatide treatment {#Sec12}
-----------------------------------------------------------

After 18 weeks of Exenatide treatment, the BMP-4 levels in 30 obese patients were significantly decreased from 860.05 ± 352.65 pg/ml to 649.44 + 277.49 pg/ml(*P* = 0.01), shown in Fig. [4](#Fig4){ref-type="fig"}. The body weight and BMI were also significantly decreased from 94.86 ± 15.70 to 93.25 ± 16.37 kg(*P* = 0.024) and 33.52 ± 5.03 to 32.88 ± 5.42 kg/m^2^(*P* = 0.01). However, the change of BMP-4 was not significantly associated with the change in body weight and BMI (*P* \> 0.05). Additionally, following Exenatide intervention, the glucose metabolism was significantly improved, shown in Table [4](#Tab4){ref-type="table"}.Fig. 4Change of BMP-4 levels after Exenatide treatment Table 4Change of glucose metabolism after Exenatide interventionBaselineAfter*P*- valueFPG(mmol/l)9.58 ± 3.867.36 ± 2.41\<0.001FINS (uU/l)28.30 ± 14.1722.53 ± 10.470.007HOMA-IR12.84 ± 13.017.61 ± 5.540.013HbA1C (%)7.79 ± 1.726.50 ± 0.96\<0.001

Discussion {#Sec13}
==========

Obesity is a worldwide health problem which need intervention and the patient may be the most important member of the health management \[[@CR18]\]. Excess fat deposition is the manifestation of obesity. The ability of storing excess energy in adipose tissue is an evolutionary adaptation. However, the excessive fat mass accumulation gives rise to insulin resistance and inflammatory response \[[@CR19]\]. Affected patients are often insulin resistant and dyslipidemic. It is also a high risk factor for metabolic syndrome. BMPs are members of the transforming growth factor β superfamily \[[@CR20]\]. BMP-4 secreted by white adipose cells has been implicated in regulating adipogenic precursor cell commitment and differentiation. Differentiated human adipose cells can promote adipogenesis via endogenous BMP-4 activation \[[@CR6]\]. BMP-4 antagonist inhibits the differentiation of pre-adipocytes into adipocytes \[[@CR21]\]. BMP-4 also has an important role in promoting brown adipocyte differentiation and thermogenesis in vivo \[[@CR22]\]. BMP-4 alters insulin sensitively by changing white adipose tissue \[[@CR23]\]. A study also found that BMP-4 levels are significantly higher in obesity patients with metabolic syndrome \[[@CR11]\]. However, little study has investigated the association of BMP-4 levels with fat distribution in obesity. Additionally, the relationship between GLP-1 treatment and BMP-4 levels were unclear. The aim of the current study was to investigate the serum BMP-4 levels in relation to fat distribution in obese patients and to examine changes brought about by Exenatide treatment. This study suggested that serum BPM-4 levels were significantly positively correlated with Est. VAT Area and negatively correlated with TC in all subject. Serum BPM-4 levels were significantly positively correlated with FT3 and negatively correlated with TC in males. The serum BMP-4 levels were significantly positively correlated with BMI, Est. VAT Area and total fat% in females. Among these parameters, TC was the influencing factor of serum BMP-4 concentration in all subjects and males, and Est. VAT area was the independent contributory factor to serum BMP-4 concentration in female. After 18 weeks Exenatide treatment, the BMP-4 levels were significantly decreased.

Animal study has suggested that BMP-4 mRNA expression was increased in inguinal fat of ob/ob mice when compared to control lean mice \[[@CR1]\]. Serum BMP-4 levels were positively associated with BMI in human \[[@CR11]\]. Our study suggested that the serum BMP-4 levels were also significantly positively correlated with BMI in females with obesity.

The adipose tissue of obesity is the foundation of metabolic disease \[[@CR24]\]. Fat deposition in different part of the body has different degree of metabolic risk although the same amount of total fat mass may be unchanged \[[@CR25]\]. Nonalcoholic fatty liver(NAFLD) caused by abnormal hepatic fat deposition is due to more than just impaired adenosine-monophosphate-activated protein kinase (AMPK)-peroxisome proliferator-activated receptor alpha(PPAR-α) signaling \[[@CR26]\]. The ectopic fat accumulation also has a range of metabolic and cardiovascular effects. Central obesity is high risk factor of T2DM \[[@CR27]--[@CR29]\]. WHR and WC are the indicators of central obesity \[[@CR30]\]. Study has found that serum BMP-4 levels were positively associated with WC and WHR \[[@CR11]\]. As excess abdominal visceral fat is strongly associated with abnormal metabolic profile, we further researched the association of BMP-4 levels with fat content and its distribution. The results showed that the BMP-4 levels were significantly positively related to the trunk fat mass, especially visceral adipose tissue in the current study in total subjects and females. BMP-4 levels were also significantly positively related to total fat% and HC in female and negatively related to WHR in females. However, the association in males was not significant. This may due to the WHR and NC were significantly higher in males than females while the visceral adipose tissue was significantly higher in females than males. Multivariate analyses also reminded that the Est. VAT area was the risk factor for serum BMP-4 concentration in females. Therefore, we infer that visceral adipose tissue may play an important role in BMP-4 levels in females.

On the relationship between BMP-4 and glucose-lipid metabolic disorders in obese patients, a previous study has shown that serum BMP-4 levels were positively correlated with fasting plasma insulin, homeostasis model assessment index, and triglycerides and negatively correlated with HDL-C in obese individuals \[[@CR11]\]. However, in this study, BMP-4 levels were negatively associated with TC levels in all subjects, especially in male. Visceral fat accumulation results in the obesity-associated dyslipidemia \[[@CR31]\]. However, TC is significantly associated with the ectopic visceral fat and subcutaneous fat in women not man \[[@CR32]\]. Therefore, the association between BMP-4 and TC levels in males may be due to the visceral fat accumulation, which is slightly less in males than females in our study. Previous study has showed that serum BMP-4 levels are significantly positively associated with adiposity, insulin resistance \[[@CR11]\]. However, other study showed that BMP-4 expression is up-regulated in human adipocytes to play a protective anti-inflammatory effect \[[@CR33]\]. BMP-4 acts as an anti-inflammatory molecule via increasing proliferator-activated receptor γ (PPARγ) expression and reducing pro-inflammatory cytokines tumor necrosis factor α (TNF-α) in human adipocytes \[[@CR33]\]. BMP-4 may be a protective factor in males. There need more studies to prove and explain it.

Previous study has shown that subclinical hypothyroidism(SH), characterized by mildly increased TSH, is a secondary phenomenon of the abnormal fat accumulation and redistributions, and not a real hypothyroid state in obesity \[[@CR34]\]. Studies also indicate that obesity is a risk factor for hyperuricemia and hyperuricemia may be affected by body fat distribution \[[@CR35], [@CR36]\]. Obesity is one of the components of metabolic syndrome and previous study has shown that serum BMP-4 levels were significantly increased in individuals with obesity or metabolic syndrome \[[@CR11]\]. Therefore, in the current study, we compared the BMP-4 levels in obesity associated with different types of metabolic disorder to obesity without the corresponding complications. The results showed that BMP-4 levels were significantly higher in obesity with slight increased TSH than without increased TSH. Central obesity is associated with SH, especially the visceral fat deposition is related to increased TSH \[[@CR37], [@CR38]\]. Therefore, it may be the increased TSH with more serious visceral fat deposition that caused the higher BMP-4 levels in this study. Besides, BMP-4 levels were slightly higher in obesity with Mets or hyperuricemia. However, the difference has no statistical significance. It may be due to the limit sample.

GLP-1 receptor agonist is useful in treating diabetes. It is also efficient in decreasing weight loss in the obesity by restraining appetite. Exenatide is a GLP-1 receptor agonist that has been used in clinic. In our study, 18 weeks Exenatide treatment led to a significant decrease in BMP-4 levels, independent of weight loss. Therefore, we infer that there may exist interaction between GLP-1 and BMP-4. We deduce the metabolic improvement by weight loss and fat distribution treated by exenatide may lead to the decreased BMP-4 levels. We will design the animal experiment to elucidate the underlying mechanism.

There also exist limitations in this study. Primarily, our study was limited because of the relatively small number of patients. Secondly, our results might not be universal because subjects enrolled were only Chinses, therefore, it may not be applied to other races. Finally, it is a mechanism which has yet to be fully elucidated. Therefore, more studies with larger sample are required to confirm the results. More basic studies are warranted to expound the signaling mechanisms linking BMP4 with fat distribution.

Conclusions {#Sec14}
===========

In summary, this was the first study that demonstrated that serum BMP-4 levels were associated with visceral fat content in obese patients. The role of BMP-4 in males and females may be different. Visceral adipose mass may predict the serum BMP-4 levels in females with obesity. BMP-4 were significantly decreased after Exenatide treatment in obesity. Therefore, further studies are required to investigate the relationship between serum BMP4 levels and the pathogenesis of obesity.
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